Using fast tapping tasks with each of the four fi ngers (single-fi nger tapping) and with two of the fi ngers used alternately (double-fi nger tapping), the ability to make rapid tapping movement by the individual fi ngers was compared between expert pianists and nonmusician controls in both genders. Maximal pinch and grasp forces were also measured to assess strength of individual fi ngers and whole hand, respectively. Movement of the ring and little fi ngers was slower than that of the index and middle fi ngers in both the pianists and controls. The slowness of the ring and little fi ngers was, however, much less evident in the pianists than the controls in both tapping tasks. The pianists also had smaller intertap interval variability for the index and middle fi ngers. No pianist-control difference was found for the pinch and grasp forces. Piano training, therefore, effectively changed the ability to move individual fi ngers rapidly, but not their fl exor strength. No gender difference was found in any of the tapping tasks though males had greater strength. Gender thus does not appear to be a factor differentiating the ability to move individual fi ngers rapidly.
tapping) and fast alternate tapping by a pair of these fi ngers (double-fi nger tapping). The participants used in their study were all young males who did not have specifi c fi nger movement training such as playing the piano or guitar. The results of single-fi nger tapping indicated that the I fi nger attained the highest tapping cadence, followed by the M, L, and R fi ngers in descending order. The magnitude of the key-striking force was also greatest for the I fi nger, followed by the M, L, and R fi ngers. The double-fi nger tapping test further indicated that the tapping cadence of each fi nger could change depending on the paired fi nger selected. The cadence of the IM fi nger pair (IM combination) was highest, and that of the RL fi nger pair (RL combination) was the lowest. Perceived task diffi culty was also highest for the RL combination.
In another recent study using positron-emission tomography (PET), Aoki et al. (2004) demonstrated that activation in the cortical and subcortical areas was much more extensive during double-fi nger tapping by the RL combination compared with the IM combination or single-fi nger tapping by the I or R fi nger, confi rming the relatively high central loading for tapping by the RL combination. There are also some reports concerning the difference in strength of individual fi ngers among ordinary people. Kinoshita, Murase, and Bandou (1996) ; Radwin, Oh, Jensen, and Webster (1992) ; and Latash (1998, 2000) measured the maximum isometric fl exion force of individual fi ngers. They all reported greater strength for the I or M fi nger than the R or L fi nger.
The difference in the frequency of everyday usage undoubtedly leads to the difference in the level of training, possibly causing an interdigit difference in motor function. This possibility has, however, remained unexplored. One solution to this problem might be to examine motor function of the fi ngers in individuals with a background of extensive movement training of all fi ngers, and to compare it with that of individuals with no such background. Expert pianists represent a group of individuals with many years of specifi c training for isolated movement of individual fi ngers, and thus the motor function of their fi ngers could be optimized. The primary purpose of the present study was to investigate the ability of expert pianists to perform fast single-fi nger tapping using the I, M, R, or L fi nger and fast double-fi nger tapping by the IM, MR, or RL combination, and to compare these with those of nonmusician controls. Temporal and force parameters describing the movement of tapping fi nger(s), as well as the intraindividual variability of these parameters, were evaluated to assess the ability to move individual fi ngers repetitively and rapidly. The isometric pinch force between the thumb and each fi nger, and the grasp force with the whole hand were also measured to determine the strength of individual fi ngers in the pianists. Long periods of continuous practice of striking keys, as well as brief bouts of forceful key-striking movements in the pianists can lead to improved force production capacity of individual fi ngers.
Another issue that might need to be re-examined in relation to motor function of individual fi ngers is the gender effect. Studies indicate that males generally have larger and stronger muscles than females, and the differences tend to be more pronounced in the muscles of the upper limbs (Heyward, Johannes-Ellis, & Romer, 1986) . Fast type IIA fi bers were also found to occupy a greater area in the muscles in males, whereas slow type I fi bers occupied a greater area in females (Staron et al., 2000) . Therefore, males could be able to use these to advantage in moving their fi ngers faster than females. On the other hand, in a recent study of the effects of force crosstalk among the fi ngers during isometric force production tasks, Shinohara, Li, Kang, Zatsiorsky, and Latash (2003) reported that such effects were signifi cantly less in females than males, suggesting a female advantage in isolated fi nger movement. Indeed, the fi ndings of previous studies on gender difference in fi nger tapping ability are not consistent. While Nicholson and Kimura (1996) , Peters and Campagnaro (1996) , and Ruff and Parker (1993) all reported that males tapped faster than females, Hermsdorfer, Marquardt, Wack, and Mai (1999) and Mckeever and Abramson (1991) found no gender difference in a similar task. Nicholson and Kimura also reported no gender difference in a task of sequentially pressing telegraph keys with four fi ngers. In testing six different fi ne motor tasks, Peters and Campagnaro found that the magnitude and direction of gender effects on the task performance varied depending on the task. The secondary purpose of the present study was, therefore, to determine if gender infl uences the performance outcome in single-fi nger tapping by the I, M, R, or L fi nger and double-fi nger tapping by the IM, MR, or RL combination.
Methods

Participants
The participants in this study were 10 experienced classical piano players (5 men and 5 women, mean age ± SD = 21.1 ± 2.3 years) and 10 nonmusician controls (5 men and 5 women, mean age ± SD = 20.6 ± 3.9 years). All pianists had played the piano for more than 13 years. All participants were right-handed, as determined by the Edinburgh MRC Handedness Inventory (Oldfi eld, 1971) , and had no history of neuropathies or trauma to the upper extremities. Written informed consent was obtained from all participants before the study. The human ethics committee at Osaka University approved the study.
Measurement of Tapping Performance
Four miniature strain-gauge force transducers were used to monitor the striking forces generated by the tips of the I, M, R, and L fi ngers during tapping. These transducers were fi rmly attached to an acrylic plate that was bolted to the upper surface of a 68.5 cm high testing table. The distances separating the centers of adjacent transducers were 3 cm between the I and M fi ngers, 2.5 cm between the M and R fi ngers, and 3.5 cm between the R and L fi ngers. For the thumb, a heightadjustable plastic plate was placed adjacent to the I fi nger transducer. The apparatus also included a height-adjustable and position-adjustable circular palm rest, and a height-adjustable forearm rest with restraining straps. The height of the thumb and forearm rests, and the position of the palm rest were adjusted to fi t the right hand of each individual participant. Details of the force-measurement apparatus have been described in our previous papers (Aoki et al., 2003; Aoki & Kinoshita, 2001) .
After receiving a detailed explanation of the experimental tasks, the participant was seated comfortably in a chair facing the testing table. The participant's right upper arm was parallel with his or her torso, and the forearm was extended horizontally and parallel to the sagittal plane. Each participant performed two types of tapping tasks: single-fi nger and double-fi nger tapping. Single-fi nger tapping was performed by each of the I, M, R, and L fi ngers. Participants used a designated fi nger to repetitively strike its corresponding key. Double-fi nger tapping involved movements with the I and M, M and R, and R and L fi ngers. In the double-fi nger tapping, two designated fi ngers were used to alternately strike each of their corresponding keys. During both tasks, participants were instructed to tap the key(s) repeatedly with the fi nger(s) as rapidly and as consistently as possible, and to move the fi nger(s) by emphasizing fl exion and extension at the metacarpophalangeal joint. Participants were also requested to maintain contact between the tips of the "resting" (nontapping) fi ngers and their respective keys, and between the thumb and its support during tapping. The weight of the upper limb was supported on the forearm rest to minimize its effect on the compression force exerted by the fi ngers during tapping. The palm was placed on the palm rest, and movement of the wrist was minimized by appropriate adjustments of the restraining strap.
To acclimate them to the experimental environment and testing apparatus, as well as to learn to perform each tapping task appropriately, participants engaged in a practice session a few days before the experiment. During data collection, each fi nger or fi nger-combination condition was performed continuously for a period of 9 s. Only the right hand was tested in this study. The order of conditions was randomized. Data were collected during one trial for each fi nger or fi nger-combination after several practice trials for each condition. If a participant perceived that he or she had failed to perform as instructed, he or she was asked to repeat the trial. An adequate rest period was given between trials. After completing the tapping tasks participants were requested to evaluate the relative "diffi culty" of tapping for each of the fi ngers or fi nger-combinations using an ordinal scale from 1 (easiest) to 4 (most diffi cult) in the single-fi nger tapping, or from 1 (easiest) to 3 (most diffi cult) in the double-fi nger tapping.
Amplifi ed force-transducer signals were digitized via a 12-bit A/D converter at a sampling rate of 400 Hz for each channel, and then stored on a Macintosh personal computer. Beginning 2 s after the initiation of tapping for each trial, data from 10 consecutive taps by each fi nger were subjected to analysis. Five descriptive parameters were generated from the data of each tap obtained from each of the tapping fi nger or fi ngers (see Figure 1 ). The fi rst parameter was "intertap interval": the time duration between the detection of successive fi nger-key contacts. Two additional parameters were generated by dividing the intertap interval into two components, which were the "contact time"-the time duration of fi nger-key contact-and the "noncontact time"-the time duration between successive phases of contact. A threshold force of 0.03 N was used to determine the moments of fi nger-key contact and release. The fourth parameter was "average force": the force of the tapping fi nger averaged over the contact period. Average force was evaluated instead of peak force because the time-history curve of the tapping force was characterized by a bimodal pattern in most cases (see Figure 1 ), although it was unimodal in some cases depending on the trial, fi nger, and participant. In addition, even in the bimodal curve, the initial peak was not always higher than the second peak. The fi fth parameter was "impulse": the tapping fi nger force integrated over the contact period. For the double-fi nger tapping tasks, the data obtained from the two fi ngers were averaged.
Measurement of Pinch and Grasp Forces
The maximum isometric pinch force produced by each tip of the right I, M, R, and L fi ngers against the right thumb for few seconds was measured using a selfmade strain-gauge force transducer. The thickness of this transducer was set at 15 mm and it weighed 50 g. The force signal from this transducer was amplifi ed and digitized at 400 Hz and stored in a computer. Data were obtained from two trials for each fi nger for the pinch-force task. Using an ordinary grasp-force dynamometer (model TKK-5401, Takei kiki-kogyo Co., Niigata, Japan), the maximum grasp force by the right hand was obtained from each participant for two trials. For each fi nger and hand, the greater force value of the two trials was used for the subsequent analyses.
Statistical Analysis
Mean and standard deviation values of all parameters were computed based on 10 taps performed by each participant under each of the tapping conditions examined. Using these values, the coeffi cient of variation (CV) was also computed for the evaluation of intraindividual variability. A two-way repeated-measures analysis of variance (ANOVA) was performed to examine the group and gender effects on each parameter for each fi nger during single-fi nger tapping and each fi ngercombination during double-fi nger tapping. Two-way repeated measures ANOVAs (group × gender) were also performed for the maximum pinch force of each fi nger, and maximum grip force. In addition, using the pooled data of male and female pianists, a one-way repeated measures ANOVA and Tukey's post hoc multiple comparisons were also performed to examine the fi nger or fi nger-combination difference for each parameter. Statistical signifi cance was accepted at p < .05.
Results
Single-Finger Tapping
Group Difference. The pianists had smaller group mean intertap interval and noncontact time values for all fi ngers examined than the nonmusician controls (see Figures 2A and B) , indicating that the pianists were able to move their fi ngers faster than the controls. ANOVAs confi rmed that the pianist-control difference in the intertap interval was signifi cant for the M, R, and L fi ngers but not for the I fi nger. For the noncontact time, the group differences for all fi ngers were signifi cant. Compared with these parameters, the pianist-control difference was less clear in the contact time ( Figure 2C ). Indeed, none of the fi ngers had a signifi cant main group effect. Therefore, the faster tapping movement observed in the pianists was principally the result of faster movements of the tapping fi nger in space. The group mean values of average force, as well as impulse, were greater for the pianists than for the controls ( Figures 2D and E, respectively) ; however, the difference was signifi cant only for the I and M fi ngers.
Gender Difference. For all temporal and force-parameter mean values of singlefi nger tapping, no gender difference was noted.
Finger Difference in Pianists. ANOVAs revealed a signifi cant fi nger difference in the intertap interval, contact time, average force, and impulse. Post hoc analyses indicated that for the intertap interval and contact time, the mean values of the R and L fi ngers were signifi cantly greater than those of the I and M fi ngers. It was revealed that the average tapping forces by the R and L fi ngers were signifi cantly lower than those by the I and M fi ngers. In addition, the impulse of the R fi nger was signifi cantly smaller than the I fi nger.
Double-Finger Tapping
Group Difference. The intertap interval, noncontact time and contact time for the pianists were less varied across all three fi nger-combinations compared with those of the control participants, who varied greatly from the IM to RL combination ( Figures 3A, B , and C). The group difference in tapping cadence was therefore fi nger-combination dependent: The difference was smallest for the IM combination and largest for the RL combination. ANOVAs revealed that the group differences in all temporal parameters were signifi cant for each of the fi nger-combinations.
The mean values of average tapping force for the IM and MR combinations tended to be greater for the pianists than the controls ( Figure 3D ), but only the difference for the MR combination was statistically signifi cant. The difference in the mean values of impulse between the pianists and controls was not signifi cant for any of the fi nger-combinations although the RL combination for the pianists had a relatively small value compared with the controls ( Figure 3E ). Gender Difference. There was no gender difference in any of the temporal and force parameters for double-fi nger tapping. Finger-Combination Difference in Pianists. ANOVAs revealed a signifi cant effect of fi nger-combination on the intertap interval, contact time, and impulse. Post hoc analysis indicated that the differences between all fi nger combinations for the intertap interval and contact time were signifi cant. It was also found that the impulse of the IM combination was signifi cantly smaller than the other two.
Intraindividual Variability
Group Difference. To examine the pianist-control difference in the stability of tapping movements, the mean CV values of intertap interval and average force were compared. For single-fi nger tapping, the mean values of intertap interval for the I and M fi ngers were signifi cantly less for the pianists than the controls, while those for the R and L fi ngers did not differ between the two groups ( Figure 4A ). The CV values of average force were much larger than those for the intertap interval for all fi ngers ( Figure 4B ), and none of the fi ngers had a signifi cant group difference in this parameter. For double-fi nger tapping, neither the intertap interval nor average force had signifi cant group difference for any of the fi nger-combinations ( Figures 4C  and D) . The CV value of the average force in the RL combination was relatively larger for the controls than for the pianists. This difference did not reach the level of signifi cance, however. Gender Difference. No gender difference was found in any of the CV parameters for both single-and double-fi nger tapping. 
Rank Order of Task Diffi culty
The mean rank orders of task diffi culty in single-fi nger tapping for the I, M, R, and L fi ngers for the pianists were 1.2 ± 0.4 (SD), 2.1 ± 0.6, 4.0 ± 0, and 2.7 ± 0.5, respectively. The corresponding values for the controls were 1.0 ± 0, 2.3 ± 0.4, 4.0 ± 0, and 2.8 ± 0.4, respectively. Consequently, the participants in both groups equally reported that the R fi nger was most diffi cult to move, followed by the L, M, and I fi ngers in descending order. The mean rank orders of task diffi culty in double-fi nger tapping for the IM, MR, and RL combinations were 1.0 ± 0, 2.2 ± 0.3, and 2.8 ± 0.3 for the pianists, respectively, and 1.0 ± 0, 2.0 ± 0, 3.0 ± 0 for the controls, respectively. Therefore, for both groups, the RL combination was most diffi cult, and the IM combination was the easiest. The rank orders for the single-and double-fi nger tapping tasks were similar for the men and women.
Maximal Pinch and Grasp Forces
Group Difference. The I and M fi ngers produced greater force than the R and L fi ngers for both groups ( Figure 5 ). No signifi cant group difference was found in the maximum pinch force between the thumb and any of the individual fi ngers. The mean values of the maximum grasp force for the pianists were 280.3 ± 36.6 N in women and 475.3 ± 112.1 N in men. The corresponding values for the controls were 275.2 ± 18.9 N in women and 439.2 ± 61.3 N in men. ANOVA revealed no signifi cant difference between the pianist and control groups. Gender Difference. The pinch forces of all fi ngers were signifi cantly greater for males than females ( Figure 5 ). Note that the gender effect was more evident for the I and M fi ngers than the R and L fi ngers. As indicated above, the mean grasp force for the men was 1.6 times that of women, and this difference was signifi cant. 
Discussion
Tapping Ability of Expert Pianists Versus Nonmusicians
Single-Finger Tapping. Consistent with our expectations, the trained pianists could tap their R and L fi ngers at much higher cadence than the controls. This supports the notion that one major reason for the poor movement ability of these fi ngers in ordinary people is a lack of training resulting from limited use in a wide variety of manipulative daily motor tasks (Kamakura et al., 1980; Raj & Marquis, 1999) . Conversely, the fi nding that the pianist-control difference in the I and M fi ngers is relatively small suggests that daily use of the hand itself can provide these fi ngers with a fair amount of training to maintain a near-maximum level of motor performance.
The pianists had greater key-contact force and impulse with the I and M fi ngers than the controls while there was no group difference in these force values for the R and L fi ngers. These force data, together with the fi ndings of the group difference in tapping cadence, suggest that the level of force applied to the key did not seem to be related to the facilitation of tapping speed. Sternad, Dean, and Newell (2000) reported that the intraindividual variability of intertap interval was reduced with an increase in impacting force during wrist tapping. The higher tapping force observed in our pianists might also have been associated with their intention to optimize their timing accuracy. Indeed, our pianists had a smaller value for intraindividual variability of intertap interval for the I and M fi ngers.
The tapping cadence of the R and L fi ngers in these trained pianists did not reach the level of the I or M fi nger. The pianists were also perceiving greater diffi culty in tapping by the R and L fi ngers than the I and M fi ngers. The fi ndings therefore suggest that even with extensive training of the individual fi ngers, some inherent factors providing advantageous effects of the I or M fi nger over the R or L fi nger cannot be overcome completely.
What then has changed after extensive movement training of individual fi ngers in pianists? First, one might have to consider training-induced adaptive changes in the functional properties of the muscles in the hand and forearm. Our results showed that the maximum isometric fl exion force of any individual fi nger, as well as the maximum grasping force, was not particularly stronger in the pianists compared with the controls. Therefore, muscle properties allowing strong force production do not seem to be a major source for faster tapping ability of the pianists. There is evidence that intrinsic hand muscles of pianists have a higher level of fatigue resistance against continuous submaximal isometric force generation (Penn, Chuang, Chan, & Hsu, 1999) . These researchers hypothesized that piano training could induce improved capacity of aerobic function in the hand muscles via changes in metabolism, motor unit fi ring patterns, and muscle fi ber composition. Because the present rapid tapping tasks were performed only for a short period of time and terminated before muscular fatigue could be induced, the favorable effect of this muscular property in pianists could have had little effect on the present outcome.
Second, the fi nding that the greatest training effect was found for the R fi nger indicates that neural and anatomical mechanisms restricting isolated fi nger movement could have been changed in the pianists (Hager-Ross & Schieber, 2000; Zatsiorsky et al., 1998 Zatsiorsky et al., , 2000 . In the studies of force interaction among the fi ngers in isometric force production tasks, so-called enslaving effects, Zatsiorsky et al. (1998 Zatsiorsky et al. ( , 2000 discussed the underlying mechanisms that could make isolated fi nger movement diffi cult. These included peripheral tendinous interconnections, the motor units that are located within a neuromuscular region serving one fi nger also insert into another fi nger, and divergence and convergence in central commands. Presumably, some or all of these mechanisms have changed in the expert pianists to conquer the diffi culty of moving individual fi ngers separately.
Tendons connected to multiple fi ngers are interconnected by tendinous or fascia-like structures in the extensor digitorum communis (EDC) and fl exor digitorum profundus (FDP) muscles (Fahrer, 1981; Von Schroeder & Botte, 1993) , which produce coupling movements in the fi ngers adjacent to an intended fi nger. Use-or training-dependent changes in this anatomical structure are, however, less likely to occur. This could partially explain the fi nding that greater task diffi culty with the R fi nger movement has continuously been experienced even after years of training in the pianists. The second mechanism concerns the presence of functionally independent neuromuscular regions (compartments) within the same muscle that have connections with multiple fi ngers. Schieber, Gardinier, and Liu (2001) demonstrated that electrical stimulation applied to each of these regions in monkey FDP muscle produced uniquely distributed tension on all fi ve digits. More recently, Keen and Fuglevand (2004) reported the presence of synchronized activity in motor-unit pairs in neighboring compartments of the human EDC muscle during low-force isometric extension of all four fi ngers. They also found that the largest value of intercompartment synchrony was for the R-fi nger motor units and the least synchrony was for the I-fi nger units. The third mechanism is neural interaction at the central level. It is now well known that there are convergence and divergence of output from the primary motor cortex for the activation of hand muscles (McKiernan, Marcario, Karrer, & Cheney, 1998; Uematsu, et al., 1992) . The extent of plasticity with movement training in these neural interactions both at the peripheral and central levels, however, remains unknown.
It is then possible to assume that training-related changes in spinal and supraspinal neural mechanisms could have principally contributed to the higher level of motor performance in the pianists. Many studies have shown functional and structural changes in the motoneuron fi ring threshold, axonal conduction velocity, and synaptic terminals on motoneurons following repetitive long-term and intensive practice for acquisition of motor skills (see review by Wolpaw & Tennissen, 2001) . The supraspinal neural mechanisms are mainly motor-associated cortical and subcortical structures, which will be discussed in relation to the fi ndings of double-fi nger tapping. Double-Finger Tapping. The present double-fi nger tapping experiment demonstrated signifi cant pianist-control differences in the mean values of all temporal parameters for each fi nger-combination. The difference was relatively small when performing the easiest task of the IM combination, but it was fairly large for the most diffi cult task of the RL combination. This occurred because the pianists performed all fi nger-combination tasks relatively quickly with a small decline in cadence from the IM to RL combinations while the controls were extremely slow when performing the RL combination.
Our recent PET study using young nonmusician participants has shown that the RL combination task demands involvement of much greater cortical and subcortical areas with a higher level of activity in each area compared with the IM combination or single-fi nger tapping by the I or R fi nger (Aoki et al., 2004) . The fi nding that the pianists could tap the RL combination at relatively similar tapping cadence to that for the IM combination might imply decreased demand on central neural function when the pianists perform the RL combination. Indeed, use-dependent cortical and subcortical reorganization for effi cient use of brain function is now a well-known phenomenon (Doyon, Penhune, & Ungerleider, 2003) . Neuroimaging studies demonstrated that active brain areas were reduced in highly practiced and automated movement control, requiring little overt attention. For example, using a functional magnetic resonance imaging (fMRI) technique, Jancke, Shah, and Peters (2000) demonstrated that during the performance of selfpaced bimanual and unimanual tapping tasks, the primary and secondary motor (supplementary and cingulated motor) areas were activated to a much lesser degree in professional pianists than in nonmusicians. Based on these fi ndings, the authors stated that long-term hand skill training leads to greater effi ciency, which was refl ected in a smaller number of active neurons needed to perform a given fi nger movement. Hund-Georgiadis and Von Cramon (1999), who examined a complex fi nger-thumb opposition task, reported a similar fi nding. The ability to move the individual fi nger(s) at a faster speed by the pianists, therefore, most likely refl ected an increased capacity of their central neural function. In addition, the central program to activate appropriate sets of muscles with appropriate intensity and optimized coordination for the fl exion-extension movement of the R or L fi nger could have been established with years of piano training. Intraindividual Variability. Temporal and force accuracies are essential components in piano performance, and therefore the trained pianists are expected to demonstrate a lower degree of intraindividual variability in intertap interval, as well as in key-striking force, than nonmusician controls. The results of the present study partially supported this hypothesis. The pianists indeed had smaller mean CV values of intertap interval for the I and M fi ngers in single-fi nger tapping than the controls, confi rming higher temporal control ability in the pianists. In contrast, the corresponding CV values for the R and L fi ngers and all three pairs in doublefi nger tapping were not different between the two groups. The previous studies demonstrated that the CV value of the intertap interval was relatively small and constant (Collyer, Boatright-Horowitz, & Hooper, 1997; Peters, 1989) or slightly decreased (Sternad et al., 2000) from the changes in cadence at 1-3 Hz; however, it increased disproportionately outside this range (Peters, 1989) . The mean values of tapping cadence in all tapping conditions in the present study exceeded 3 Hz, and therefore, the effect of tapping cadence on amplifying the CV value might have been greater for the pianists who had a higher cadence compared with the controls. The inability to fi nd a signifi cant group difference in the CV values of the R and L fi ngers or all fi nger-combinations might have been attributable to this effect.
There was no pianist-control difference in the CV values of average force in any of the fi ngers or fi nger-combinations. A discrepancy in the outcome of temporal and force variability appears to support the notion that the control of force and the control of timing are independent (Keele, Ivry, & Pokorny, 1987) and that they demand different levels of activation in the cortical and subcortical structures (Wexler et al., 1997) . The CV values of average force were found to be much larger than those of the intertap interval in all experimental conditions. This is consistent with the fi ndings of the previous study in which the CV value of peak tapping force variability during wrist tapping was approximately 20%, whereas that of the intertap interval was approximately 5% (Sternad et al., 2000) . The fi nding that the pianists were not particularly superior in producing a constant tapping force might be attributed to the lack of feedback information, because they commonly practice with sound feedback. In this regard, the pianists and controls were equally naive to the present task. A more detailed study is needed to investigate the effects of skill level on force and timing variability during tapping movements.
Gender Difference
A gender difference was found for the isometric maximal-force-production tasks, but not in any of the present tapping tasks. Some studies showed a male advantage in tapping cadence (Nicholson & Kimura, 1996; Peters & Campagnaro, 1996; Ruff & Parker, 1993) while some reported no gender difference (Hermsdorfer et al., 1999; Mckeever & Abramson, 1991) . Our fi ndings are, therefore, in agreement with those of the latter studies. Common explanations for the hypothesized male advantage are that men have greater muscular strength, a higher level of fatigue tolerance, and exhibit more overt competitiveness when performing motor tasks. Our force measurement data support the idea of the male advantage in muscular strength. In addition, our subjective impression throughout the testing also supported the idea of greater motivation in male participants. Nevertheless, our data indicated that female participants were as fast as male participants in all tapping tasks. Several reasons for the lack of gender difference are conceivable. One is that the fi ngers are used constantly in our everyday activities for both genders in pianists and controls, and thus they are nearly equally trained and optimized to a level adequate for daily use. Second, although muscle strength is greater in males than in females, this advantage could be offset by a larger fi nger mass in males and also by their more pronounced enslaving effects (Shinohara et al., 2003) . In addition, tapping movement by the individual fi ngers can be a sensory motor task with a higher skill element, requiring the involvement of greater central neural function than the muscle-power element.
